Energy efficiency is a crucial issue for maritime communications, due to the high path loss and limited number of geographically available base station sites. Different from previous studies, we promote the energy efficiency by exploiting the specific characteristics of maritime channels and user mobility. Particularly, we utilize the shipping lane information of marine users to estimate their large-scale channel state information. Based on that, the resource allocation is jointly optimized for all users over all time slots during the voyage, which is a mixed 0-1 non-convex programming problem. We transform this problem into a convex one by means of variable substitution and time-sharing relaxation, and propose an iterative algorithm to solve it based on the Lagrangian dual decomposition method. Simulation results demonstrate that the proposed scheme can significantly reduce the power consumption compared with existing approaches, due to the global optimization over a much larger time span by utilizing the shipping lane information.
scheduling and pilot assignment scheme was proposed for massive MIMO systems to serve the maximum number of users with guaranteed quality of service (QoS) . These studies all require instantaneous channel state information at the transmitter (CSIT). To reduce the overhead of acquiring CSIT, the authors in [5] - [8] exploited imperfect CSIT for resource allocation, such as statistical and outdated CSIT. All of the above schemes, however, have not fully utilized the characteristics of user mobility due to the unpredictable user movement.
In contrast to the terrestrial networks, user mobility characteristics could be exploited in the design of MCNs, since most vessels follow designated shipping lanes. In [9] , the authors proposed an opportunistic routing scheme for delay-tolerant MCNs based on lane intersecting opportunities. In [10] , the authors proposed three offline scheduling algorithms for video uploading in MCNs based on the deterministic network topology. These studies utilized the predictability of the movement of marine users, but did not fully take advantage of the physical characteristics of maritime channels. Previous channel modeling studies have suggested that maritime channels consist of only a few strong propagation paths due to the limited number of scatterers, making the slowly time-varying large-scale CSIT more dominant [11] . Therefore, as compared with obtaining instantaneous CSIT, it could be more feasible to acquire the long-term large-scale CSIT (which can be easily estimated from the predictable location information) to improve the energy efficiency for practical MCNs.
In this paper, we focus on improving the energy efficiency for MCNs based on the shipping lane information. In particular, the resource allocation of all users and all time slots during the service is jointly optimized, exploiting the large-scale CSIT predicted from the users' location information. We formulate a long-term optimization problem for the joint allocation of subcarrier and transmit power, aiming to minimize the average power consumption while ensuring the users' QoS requirements. The problem has two non-convex constraints, caused by using large-scale CSIT, and joint optimization for all users and all time slots, respectively. We transform this problem into a convex one by adopting variable substitution and time-sharing relaxation, and propose an iterative algorithm to solve it based on the Lagrangian dual decomposition method. Simulation results reveal that the proposed long-term large-scale CSIT aided scheme significantly reduces the power consumption compared with the schemes using instantaneous full CSIT.
II. SYSTEM MODEL
We consider the downlink transmission of a MCN consisting of J onshore BSs and K marine users. The BS is equipped with L antennas, and each user is equipped with a single antenna. We assume that orthogonal frequency-division multiple access is used. The total bandwidth available to each BS is B, and all subcarriers have identical bandwidth B s = B N , where N is the number of subcarriers. We partition the total service duration of the K users into M time slots. The length of each time slot ΔT is chosen so that the large-scale CSIT of the nth (n = 1, 2, ..., N ) subcarrier from the jth (j = 1, 2, ..., J) BS to the kth (k = 1, 2, ..., K) user remains constant within each slot m (m = 1, 2, ..., M ), which we denote by β k,m,j,n . Accordingly, we denote the composite channel gain at time instant t in the mth time slot by √ β k,m,j,n h k,t,j,n . The small-scale fading vectors are denoted by h k,t,j,n ∈ C L×1 with the elements following complex Gaussian distribution with standard deviation σ s = 1, i.e., 0018-9545 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1 . Illustration of a MCN, where long-term resource allocation is performed based on the shipping lane information. Different from conventional models in terrestrial networks, this model utilizes long-term CSIT for global optimization in the temporal dimension. For example, User 2 is not being served at t1 although it is closer to the BS than User 1, because its large-scale channel condition will be even better at t3 and t4 according to its shipping lane. Besides, the coverage of each BS varies dynamically with the movement of marine users, implying more flexible resource allocation for delay-tolerant services.
h k,t,j,n ∼ CN (0, I L×1 ). According to the two-ray shore-to-ship propagation model [11] , the large-scale fading coefficient β k,m,j,n can be expressed as
where λ j,n is the wavelength of the nth subcarrier of the jth BS, d k,m,j is the distance between the jth BS and the kth user at the mth time slot, H 1,j,m and H 2,k,m represent the antenna heights above sea level of the jth BS and the kth user, respectively. As depicted in Fig. 1 , each user sails according to its designated shipping lane. The location information during its voyage, i.e., d k,m,j , is known beforehand to the BS based on the shipping lane and timetable. H 1,j,m and H 2,k,m are also known, as the sea level can be estimated from the marine hydro-meteorological forecast, and the instantaneous heights of ocean waves can be predicted using the trochoid model [12] , [13] . Thus, β k,m,j,n is predicted from (1), and is used for resource allocation over all time slots. For each user, delay-tolerant information distribution service (for example, video downloading) is assumed, and the amount of data required by the kth user is denoted by C min k .
III. RESOURCE ALLOCATION WITH LARGE-SCALE CSIT
Our objective is to minimize the average power consumption of all BSs over all time slots by means of joint subcarrier-power allocation, while providing the users with guaranteed QoS. By P k,m,j,n and r k,m,j,n , we denote the transmit power and the expectation of achievable rate from the jth BS to the kth user on the nth subcarrier in the mth time slot, respectively. By z k,m,j,n ∈ {0, 1} we denote whether the nth subcarrier of the jth BS is allocated for User k in the mth time slot. In other words, z k,m,j,n = sign(P k,m,j,n ), where
The optimization problem is formulated as
where P = {P k,m,j,n } K×M ×J×N , and P max represents the maximum transmit power of each BS. The constraint (2d) is to guarantee that each user's QoS requirement is satisfied. The constraint (2f) indicates that each subcarrier can serve at most one user simultaneously. The ergodic capacity r k,m,j,n in (2d) is expressed as
where σ 2 n denotes the noise power of the receiver. In order to optimize P k,m,j,n with only large-scale CSIT, we adopt the random matrix theory [14, Eq. (13) ] and introduce a closed-form approximation for r k,m,j,n as
where u * k,m,j,n can be uniquely determined by the following fixed-point equation:
There are two major challenges of solving the optimization problem in (2) . Firstly, the implicit parameter u * k,m,j,n in (4) is coupled with P k,m,j,n through (5) . As a consequence, r k,m,j,n is a compound function of P k,m,j,n , making the constraint (2d) intractable. Secondly, due to the integer constraints (2e) and (2f), the problem is a combinatorial optimization problem. While the optimal solution can be obtained using integer linear programming solvers or with the brute force method, the computational complexity will be exponential at worst.
To cope with the first challenge, we remove the intractable constraint (2d) and transform r k,m,j,n into a convex function with the following theorem.
Theorem 1: The constraint (2d) is equivalent to
where g (P k,m,j,n , ω k,m,j,n ) = log 2 1 + P k,m,j,n e ω k,m,j,n σ 2 n β k,m,j,n + Llog 2 (e) [ω k,m,j,n − 1 + e −ω k,m,j,n ] .
Proof: See the Appendix. Due to the integer constraints in (2e) and (2f), the problem with constraints (2b), (2c), (2e), (2f) and (6) is still a combinatorial optimization problem. In order to make it tractable, we relax the discrete variable z k,m,j,n ∈ {0, 1} to a continuous one a k,m,j,n ∈ [0, 1]. The time-sharing factor a k,m,j,n can be considered as the fraction of time that the nth subcarrier of the jth BS is assigned to User k in the mth time slot. It has been proved that this time-sharing relaxation results in a zero-duality gap, which is a practical way to transform non-convex combinatorial optimization problems into convex ones [15] . The original problem can be transformed into
where W = {ω k,m,j,n } K×M×J×N and A = {a k,m,j,n } K×M×J×N . The objective function (8a) is convex, since its Hessian matrix with respect to P and A is positive semi-definite. As the transformed constraints (8b)-(8g) are also convex, (8) is a convex optimization problem, meaning that the primal problem and the dual problem have the same optimal solution. Thus, we propose an iterative algorithm to solve it based on the Lagrangian dual decomposition method. Particularly, to tackle the problem of recovering the discrete subcarrier allocation resultâ k,m,j,n ∈ {0, 1} from the continuous time-sharing factor a k,m,j,n ∈ [0, 1], the partial derivative of the Lagrangian function is modified, which is described in detail as follows.
The Lagrangian function is defined as 
where γ, ν and θ are the Lagrange multipliers of (8d), (8e) and (8g), respectively. The other constraints (8b), (8c) and (8f) can be naturally satisfied in the Karush-Kuhn-Tucker (KKT) conditions [16] . 
By solving ∂L(·) ∂P k,m,j,n = 0, we can obtain the optimal transmit power with respect to (10) aŝ
where 
Finally, the Lagrange multipliers are updated with the subgradient method:
where δ (i) 1 and δ (i) 2 are the step sizes in the i th iteration. It should be noted that in order to ensure the convergence, the step sizes should
q /i in the proposed algorithm. The above optimization problem is formulated and solved under the assumption that the service duration is from 0 to M for all users. It is noteworthy that the proposed scheme also works in practical scenarios, where the starting time and the delay requirement of service vary from user to user. A simple and feasible way is to set β k,m,j,n = 0 unless m is within the service duration of User k, which implies thatP k,m,j,n = 0 and U k,m,j,n = 0 according to (11) and (12) .
The proposed algorithm is described in detail in Algorithm 1. Compared with the exponential complexity of using integer linear programming solvers or brute force methods to solve the original problem, the computational complexity of the proposed algorithm to solve the relaxed dual problem is reduced greatly to O (JKMN) . Moreover, the dual problem can be solved in a semi-distributed manner, with each BS calculating (11)-(14) via local information, and a central processor updating (15) in each iteration. In this case, the computational complexity for each BS is only O(KM N ).
Algorithm 1:
Iterative Long-Term Resource Allocation. 1 : Initially set γ > 0, ν > 0, i = 1, and I max ∈ Z + . 2: Initialize P with a uniform power distribution, and initialize A with the subchannel allocation method in [17] . 3: repeat 4:
for m = 1 : M do 5:
for j = 1 : J do 6:
for n = 1 : N do 7:
for k = 1 : K do 8:
if m is not within the service duration of User k then 9:
Set β k,m,j,n = 0. 10: end if 11:
1) UpdateP k,m,j,n according to (11) . 12:
2) Calculate U k,m,j,n according to (12) . 13:
3) Updateâ k,m,j,n according to (13) . 14:
end for 15:
Update γ m,j according to (14) . 16 : end for 17: end for 18: end for 19:
for k = 1 : K do 20:
Update ν k according to (15) . 21: end for 22:
Update i = i + 1. 23: until P converges or i = I max . 
IV. SIMULATION RESULTS
The MCN simulated below consists of 3 onshore BSs and 90 ships sailing within 50 km offshore following their designated lanes. The carrier frequency is 1.9 GHz. The other parameters are set as L = 16, B s = 2 MHz, H 1,j,m = 100 m, and H 2,k,m = 10 m. The power density of the additive white Gaussian noise is −174 dBm/Hz.
First, we evaluate the effects of service duration M on the average downlink transmit power per BS. As shown in Fig. 2 , the proposed large-scale CSIT aided scheme outperforms the scheme using instantaneous full CSIT in [2] when M is larger than a certain threshold, and the gap becomes larger with the increase of M . The reason is that with a larger M , we actually enlarge the optimization space in the temporal dimension, and therefore, more information (i.e., the long-term CSIT) can be used for energy-efficient transmissions. It should be noted that the intersections in Fig. 2 indicate a trade-off between the time scale and the accuracy of CSIT. Using large-scale CSIT enables long-term prediction of CSIT, but reduces the precision of channel estimation. It is preferable to use long-term large-scale CSIT for delay-tolerant services in scenarios with a limited number of scatterers, while obtaining instantaneous full CSIT is preferred for real-time services in rich scattering environments.
Further, we investigate how the number of subcarriers influences the performance of the proposed scheme. As can be observed in Fig. 3 , the proposed scheme remarkably outperforms the other two schemes in the considered range of N when M is large enough, and the performance gap between the iterative and equal power allocation schemes becomes wider as N increases. The reason is that a larger value of N implies larger optimization space, where the proposed scheme with long-term CSIT can better deal with the resource competition.
Finally, we compare the effects of the value of C min k on the power consumption in Fig. 4 . As can be seen, the average power consumption is a monotonously increasing function of C min k . On the one hand, more energy consumption is required to transmit more data. On the other hand, the schemes with long-term CSIT are always selecting time slots with the best channel conditions, but in order to satisfy a larger C min k , more time slots with deeper-faded channels have to be chosen, which inevitably increases the average power consumption.
V. CONCLUSION
In this paper, we have focused on enhancing the energy efficiency of MCNs. By exploiting marine users' location information based on their designated shipping lanes, we have made it possible to estimate the long-term large-scale CSIT instead of the complete instantaneous CSIT. On that basis, we have formulated a long-term joint optimization problem for the allocation of subcarrier and transmit power, to minimize the average power consumption while ensuring the users' QoS requirements. The problem is non-convex. We have proposed an iterative algorithm to solve it efficiently. Simulation results have revealed that the proposed scheme can significantly reduce the power consumption. We have further pointed out that, the performance gain mainly comes from the global optimization over a much larger time span with the shipping lane information, which implies a brand new way for enhancing the energy efficiency in practical MCNs.
APPENDIX PROOF OF THEOREM 1
Define f (P k,m,j,n , u k,m,j,n ) = log 2 1 + P k,m,j,n u k,m,j,n σ 2 n β k,m,j,n + L log 2 (u k,m,j,n ) − log 2 (e) 1 − 1 u k,m,j,n ,
and u * k,m,j,n in (4) is relaxed into an independent variable u k,m,j,n . As f (P k,m,j,n , u k,m,j,n ) is monotonically decreasing with u k,m,j,n when 1 ≤ u k,m,j,n < u * k,m,j,n , and monotonically increasing with u k,m,j,n when u k,m,j,n > u * k,m,j,n , the constraint (2d) can be equivalently rewritten as 
Define u k,m,j,n = e ω k,m,j,n , and the constraint (17b) can be expressed as (6b). Thus, (2d) can be equivalently transformed into (6) . Besides, it can be derived that ∇ 2 ω k,m,j,n g (P k,m,j,n , ω k,m,j,n ) > 0. Therefore, g (P k,m,j,n , ω k,m,j,n ) is concave with respect to P k,m,j,n and ω k,m,j,n .
